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ASSTRACT

Progress in the development of dc superconducting cables suggests these sys-
tems will provide an attractive alterrative among cable options where long
lengths of high-capacity underground transmission lines are required. Here we
discuss the general characteristics of dc superconducting cables as we!l as
details of two specific designs, one coaxial and the other double monapolar.
The special advantages of these cahles lie in the relative simplicity of con-
struction, their extremely high operating efficiency, and their compactness
when compared with other ac or dc high-capacity cables cooled by flowing
fluids, either at ambient or cryogenic temperatures. These features are dis-
cussed in the context of economic, environmental, and power system considera-
tions, including some of the possible trade-offs among conventional and super-
conducting ez and dc systems.

*ork performed under the auspices of the U.S. Department of FEnergy.



Section 1 -
INTRODUCTION

The only valid reason for pursuing the development of superconducting power
transmission cables arises from the assumption, or belief, that high-capacity
underground electric power lines will be required in the US grid. While the
meaning of "high-capacity" is crucial here, it is also somewnat ambiguous; but
we can, for our purposes, irterpret it to indicate quite generally the range
of capacities now beyond present technology, perhaps 5 GW and above, in a sin-
gle circuit. Equally crucial is the time frame in which this need will occur
and the growth 1 ate in the ~umher of cahle-miles that could be expected. In
the early 1970s, when the US was increasing its electric power consumption at
about 7% per year, it was no: unreasonable %o project this need for high
capacity cables to be felt hv 1990, or 200N at the latest. HNow, in the late
1970s, with annual consumption increases running at less than half the earlier
rate, we should probably add several decarles to our target date. Some may
argue that it should be postooned indefinitely, as the trend in power planning
should be towards dispersed oower generation rather than toward the power-park
concept that underlies the assumption for high-capacity cable requirements.

Our own view is that the US oower generation heirarchy will encompass the very
large and the small productian sites, that the large plants or parks will usu-
ally be situated well away fr~2m urban centers, and that sometime not too long
after the year 2000 high capacity lines of significant lengths will be re-
quired. For such a mission, it is not at all clear that mere extension cf
present cable technology wili do the best job - aor evan an adequate job - nor
should the industry or the nation settle for that solution without investigat-
ing new, alternative technolnqies. Because considerable careful research and
extensive testing over a lorz time are necessary before a new, perhaps radi-
cal, teclinoloqy can be develnped and proven to meet the exacting reliability
criteria of the industry, we feel it is not too early to be working concen-

tratedlv on any new cable technology having promise of superior performance.



One such technology, we feel, is that employing superconductivity. Since
about 1967, superconducting power transmission line (SPTL) development has
been carried out on varying levels in such countries as West Germany, Engfand,
France, Austria, Japan, USSR and the US. After about 1979 activity in these
programs in the geugraphically smaller nations slowed considerably or ceased
entirely, primarily because the need for high-capacity cables was judged too
far in the future for these nations. Similar considerations have affected the
SPTL programs in the US, where in 1975 five laboratories were at work on this
technology and in 1930 there will be but one. On the other hand, the USSR
rrog-am is several times larger than that of the US and apparently continues
to expand.

The one remaining US SPTU program will be that at Brookhaven Nationai La%ora-
tory (BNL), where a facility for demonstrating an alternating current (ac)
SPTL is well under way. On the other hand, this paper is to deal with direct
current (dc) SPTL, an area in which, until recently, the tos Alamos Scientific
Laboratory (LASL) planned a demonstration of somewhat similar magnitude to
that at BNL. The US Department of Energy (DOE) has been supporting both pro-
grams, but budget constraints and the judgment that ac SPTL cahles will bhe
reeded before dc SPTL cables have caused sume curtailment of the BNl program
and cancellation of the LASL program.

In view of this, the author feels he is placed in a somewhat difficult posi-
tion, for ke has been asked to put forth the case for dc SPTL technology,
which to some might seem to he like beating on a dead horse, to otherc like
futilely challenging the collective wisdom of experts, or to still others like
exploiting an oponortunity to nrotest in public. On tho nther hand, hecause we
do helijeve there is a qood case for the dc SPTL cahle--that, if developed, it
would provide an attractive choice for some significant transmission require-
ments--we feel obligated to present that case in terms as realistic as possi-
ble and thereby, we hope, avoid association with any of the less favorahle
motives the reader might consider.



Section 2
BACKGROUND

WHY SUPERCONDUCTING LINES?

vihen certain pure metals, alloys, and interm=tallic compounds are cooled to
very low temperatures they suddenly, at some critical temperature Tc’ lose
all electrical resistivity; Tc varies from material to material and has so

far been found to be always helow 23 K (about -418°F). Such materials are
called superconductors because of their resistanceless property. At or just
below Tc’ only small amounts of current I can be carried in a wire made of a
superconductor before it reverts to the normal resistive state at the critical
current Ic; but as the temperature T is reduced Ic increases rapidly. For

a class of superconductors, called type-II, exhibiting high Tc values, not
only does Ic hecome very lairge, but the maximum ohserved current density,

J = Ic per unit cross section of superconductor in the wire, can be as

c
high as 107 Asem?.

The quenching of superconductivity in type-II material at Ic is associated
with a magnetic field H, which can arise from the self field induced by the
transport current, be produced by an applied field, or can result from a com-
bination of self and applied fields. At low fields all magnetic flux is ex-
cluded from the interior of the superconductnr, which thus exhibhits perfect
diamagnetism. This condition persists until the field H is increased (at con-
stant T) to some value ”cl’ at which flux suddenly penetrates into the bLulk
material as fluxoids, quantized in units ¢b = hc/%e = 2.07 x 10'15 T m2

(or 2.07 x 10'7 G cmz), where h is Planck's constant, c the speed of

light, and e the electron charge. The fluxoid can be roughly pictured as a
vortex structure with supercurrents circling about a normal-material core.
Naw, as H is increased (still at constant T) ahove Hcl’ more and more flux-
oids enter the hulk, until at Hc2 they are packed so closely together that
the entire volume behaves as if it were fillad with the normal vortex cores,
and, indeed, the entire material passes intn the normal state. The



relationship between JC(T) and H(T) defi.ing the superconductive state is
shown in Fig. 2-1 for a typical type-II material.

In the region between Hc1 and ch, known as the mixed state, superconduct-

ing non-oscillitory transport currents can continue to flow without resistance
through the matrix of fluxoids, but only so long as the fluxoids themselves
remain stationary. Usually we think of the fluxoids as pinned along their
lenzths on orain boundaries, crystal imperfectinns, impurity centers, etc.,
and held essentially immobile. For a dc transport current of density J and a
magraetic field of intensity B, a force JxB acts on the fluxoids; and if, for
instance, J becomes large enough that this force exceeds-the pinning force,
the fluxoids will move and wi~ be ripped away from the pinning sites. Then
Jc is exceeded and the flow of current is no longer lossless: dissipative
effzcts due to flux flow or flux jumps appear and are ultimately manifested as
heat, related to the work done (JxB)- %, where £ is the distance the fluxoid
moves.

J CRITICAL
J-H-T
SURFACE

Fiqure 2-1. Critical current density (J) -
magretic field (H) - temperature (T) surface
for a typical type-II superconductor. Region
below critical J-H-T surface is sunerconduct-
ing, region ahove is normal.



To achieve the superconducting state in the laboratory or in a practical de-
vice requires the removal of heat, or refriqeration, first, to produce the low
temoerature environment and, second, to maintain it against thermal inlea¥
fro- the surroundings and against heating effects, such as fluxoid motion,
should they occur. Large (1C00 W or mor2 at 4 K) helium refrigerators are
available and we are gaining experience in assessing and improving their long-
term reliahility. But efficiency is anothezr matter. To remove each watt of
power (heat) produced at 4 K, even in the ideal (Carnot) case, requires 74 W
of compressor power at ambient temperature; in other words the ideal coeffi-
cient of refrigeration W(hot)/W(cold) is 74. But in the real world, refriger-
ators operate on the order of 20% of Carnot, so W(hot)/W(cold) is about 370
for £ K. At 10 K this is reduced to ahout 145, and, of course, continues to
decrzase as T increases. Hence there is strong motivation to operate a super-
conducting device at as high a T as possihle (and still mairntain a safe margin
for a hign current density) and to keep the heat inlea% and louw-temperature
loss-prodn.cing effects as small as possible.

We also have stringent requirements for the superconducting material; it must
hbe passible to fauricate the material economically into mechanically and ther-
mally rugged conductors. In addition. it is desirable to use the material
with the aighest TC and Jc possible and thereby 3ain on refrigeration and
conductor efficiency. We sometimes have difficulty, however, in simultaneous-
ly meeting these materials and performance requirements, for, in general, the
hi_qher-Tc saterials are more brittle and1 are less compatible (because of
diffarent coefficients of thermal expansion) with normai metal matrices or
casings needed to stabilize the superconductor against unwantec excursions

into the normal state.

Several mechanisms have been identified as causing loss of superconductor sta-
bility, but remedial methods have heen revised:

* To surpress flux jumps, the superconductor should be formed of fine
filaments (10 uym in diam or less) or in similarly thin riYbaons.

° A high thermal conductivity normal metal (Cu or AL) can serve as a
matrix to transfer rapidly heat from sites where flux mntion occurs
to the cryogenic coolant as well as to slow down flux flow.

° To prevent burnout of the supercon'uctor arising from transient ef-
fects (current spikes, rapid chan 's in flux motion, etc.), we can
emhea tnhe superconductor in a gool electrical conductor (again Cu or
AL) to carry the current until the transient is removerd.



° To decouple superconductina filaments in ac service, to promote
current-sharing among filaments, and to decrease eddy-current losses,
poor electrical conductivity material can be used to sheath the fila-
ments; in addition, the filaments should be twisted oi-, preferably,
transposed.

Ffor practical purposes, the two most widely used superconductors are the alloy
Hh-Ti (Tc ~ 9,5 K) and the compound Nb3Sn (TC = 18 K). The former is

ductile and zan be formed rather readily into a wire of many (100,000 or more)
fine fiiaments in a Cu matrix. But for the more preferable, higher-Tc mate-
rial Nb3Sn, the fabricatior processes hecome more difficult; thin ribbons

have been made, and reliable multifilamentary (mf) wires are now being devel-
oped; but the processes generally involve reaction of Nb and Sn in situ to
form the brittle superconducting compound. Work, especially at Los Alamos, is
underway to produce acceptable ribhons of NbBGe, the material with highast

TC (=23 K) discovered to date (1). The problems here are more severe than
those encount2red with Nbh3Sn, but results already achieved are encouraging.

From the ahove brief background in superconductivity technology, we riay easily
see what are the principal pros and cons for using superconductors in power
transmission cahles. On the one hand, we see tYe possibility of developing
high capacity cables which:

° are compact (high J), to redu:e land use;

) operate at high I--for a given power capacity, allowing use of lower
voltage V than would bhe the case for a conventional cable and thereby
avoiding some difficult electrical insulation and associated environ-
mental problems; and

] can operate with low electric power losses and, therefore, with hiagh
efficinncy.
But on the other hand, to achieve these advantages, we must contend with:

° the problems of obtaining efficient and reliable refrijeration and
thermal shielding over extended distances an¢ time periods; and

.o the deQ@1opﬁénﬁ'of_9uitéhie conduétprs.

Cryogenic technoloqgy and the metaliurgy of superccruuctors have both advanced
to the stage where the latter two censiderations, while still important,
present no fundamental limitutions against exploitation of the adwvantages of
incorporating superconduzters in high capacity cables.



WHY DIPECT CURRENT?

Transmission of dc electrical power has a number of advantages over that of ac
power, but during the early growth period of the power indust-v the dc case
suffered a severe set-back. Because line iasses go as IZR, where R is the
electrical resistance, it was found economical to incrzase the power delivery,
P « IV, by increasing V rather than 1. Thr2 advent of the ac transformer paved
the way for voltage increases from the ac generator voltage ( 25 kV) to the MV
range, whereas for dc neither high voltage generators nor transformers are as
yet practical. More recently, however, development of inverter-rectifier
(converter) technnlogy has provided a means to bypass the dc generator-
transformer problem and has opened up the possibility to erploit the advan-
tages of dc transmission. The list of dc transmission s/stems (mostly over-
head) now operating in various parts of the world can be givan on a single
page, but that list is growing.

The principal deterrent to further use of dc transmission is the cost of the
converters needad to change ac to dc at the generator and then back to ac for
distribution to the load. For a given power level, the converter cost is
fixed, independent of the trznimission length between terminals, and can be
several times the cost of corresponding ac transmission terminals. Neverthe-
less, for comparable power loads, dc lines are less expensive than ac lines:
two rather than three lines are needed per circuit (for dc, a third less ex-
pensive ground return line may be needed); narrower right-of-way and shorter
towers can be used; in ac, but not in dc, systems, inductive cr capacitive
power losses are experienced and require compensation ejuipment. Thus for
~hort distances ac lines are more ecoinomical than dc lines, but at some dis-
tance thare should ba a crossaver, where the Tess expensiva -'c lines avercom:
the costs of the more expensive dc terminal equipment. Rules-of-thumb for the
inaustry place this crossover distance at several hundred kilometers for over-
head lines and at less than 100 km for underground cahles, each instance being
sensitive to site parameters and power levels.

o . e ., L. R . e e .
" On the other hand, there are power system advantages of cd!be.'ers in terms of
lod flow control and grid stabilization that cannot =2asily be assigned a
dcliar value. In several instances large converters have been installed back-
to-back, with essentially zero lengths of transmission line betwcen them, to



serve as asynchronous ties between pairs of ac systems (the effectiveness of
the converters would not be impaired if non-zero lengths of transmission line
vere installed). Thus there is impetus from several sources to improve con-
verter technology, which, in the longer run, can only mean an expanded uce of
dc transmission.

The above considerations for conventional dc transmission systems carry over
in nearly a one-for-one correspondence to the dc superconducting cable sys-
tems. Thus the trade-offs between the dc SPTL and conventional dc cables con-
cern mainly costs, and these are heavily dependent upon system contingency
specifications, the length of Tline needed, and the cost of power. The termi-
nal costs, to a first approximation, should be nearly the same for both dc
systems, but cable construction costs per MW-m could be differert {and, in
fact, in a recent study (2) of high capacity cables, these costs were esti-
mates to he about 50% higher for the installed capacity of the conventional
cable compared with the dc SPTL). 1In addition, the power losses per unit dis-
tance for the dc SPTL are likely to be at mnst half those for the conventional
cable, vo that as power costs rise there should be an additional favorable
bias toward the dc SPTL. However, as a study of long, high-capacity under-
ground dc cables is planned to start in th. near future under the auspices of
the US DOE, it would be premature to make any detailed predictions about total
system costs. Evin so, it is important to realize that conventional cable
technology is reasonably mature, while dc SPTL technology is not; therefore,
more rapid progress in improving designs and decreasing costs can be expected
for the dc SPTL case, as indeed has been evideat in the past few years.

The *-~3de-nffs hetwean the ac and dc SPTLs are, howaver, mnre comnlax and da-
serve further discussion While these trade-offs will determine the economic
cross-over distance for the 2c and dc SPTLs, it should be understood that the
convantional dc cable is :he principal competitor of the dc SPTL in serving
pover system needs.

LOSSES IN SUPERCONDUCTING CARLES

All cable systems are voltag=-limited, and all but the dc SPTL are current-
limited. In conventional cables the IZR losses create heat, which must be
removed by conduction to the environment or hy some cooling scheme, such as
forced flow of fluid (usually oil), so that currents are generally 1.mited to



a few thousand amperes. The ac SPTL, while capahle of carrying an order of
magnitude more tHh2n this amount of current, nevertheless, is restricted by ac
power losses as the power is increased.

The power 1osses in the ac SPTL arise from two main sources:

. AC losses in the conductor. While purely ohmic losses in the super-
conductor are essentially zero (except at Jjoints), the 60-Hz electro-
magnetic ‘ield produces irreversible fluxgid motion and, thus, heat.
Theoretically, these hysteretic losses are proportional to J° and
inversely proportional to J.(T); tharefore, they are expected to
rise repidly with J and as well with T, because J.(T) decreases
with T. In addition to these hysteretic losses in the superconductor
itself, eddy current losses might be expected in the normal metal
stabilizer (or in any other normal metal structure near the con-
ductor).

. AC losues in the dielectric insulation. The ac field also interacts
vith tha dielectric material of the cable to produce losses that in-
crcase roughly as the square of the voltage, are somewhat temperature
dependent, but not current Jependent.

The dz SPTL, on the other hand dues not incur either ac dielectric or conduc-
tor losses (negligihle but finite losses may arisc if the ripple ouilput of the
cor.verter is not filtered). lience, the only losses the dc SPTL vould incur
are from heat inleak. Cryoqenic envelope technology has heen developed to the
point where enclosures are generally quite efficient, and, of course, can be
made more so at a corresponding increase in price. For example, the state of
the art can readily produce an envelope for the dc SPTL (as discussed in more
detail below) having an average heat inleak all along the line (including
join“s of envelope sections) of ahout 0.25 W/m at 10 to 12 K, the operating
temperature of the dc SPTL. If this line should carry 7500 MW over a distance
of 130 km, this wou d represent a total loss of 2.5 x 10" 4 at 10 f, or

about 145 x 7.5 x 104 W=23.px 106 ‘I of compressor power; the efficiency

of this line would then be 99.95% (nut including terminal losses or losses in
refrigerators on standby for contingency).

An ac SPTL having the same rating and using the same superconductor (NbBSn

in this case) would require roughly 2.5 times more refrigurcation power to
remove heat inleak alone, first, because the operating T would ve at ahout 6.7
to 8.5 K (increasing the refrigeration ratic from 145 to 219), and second,
bacaiuse the cable diameter would need to be about twice that of the dc SPTL

(the heat inleak is roughly proportional to the diameter). Both the



temperature limitation and the diameter increase arise in large part from ac
hysteretic loss considerations.

In the design of an ac SPTL, a reasonahie goal is to seek tn limit the losses
from ac hysteretic eftects and from dielectric effects to be each less than
the heat inleak losses. Design objectives have been established. The goal
for the dielectric loss implies that a material should be sought with a loss
tangant of something like 10'5 rad or less, which seems possible but is com-
plicated by other reguirements that must simu]taneous!y be met by the mate-
rial. For hysteretic losses, a gnal has been set of 10 uw/cm2 of conductor
surface at a current density of 500 r.m.s. A/cm of conductor circumference,
and for Nb3Sn this condition has been reaconably met at about 8 K. But that
current density is only about 20% of what could be used for a dc SPT.L at 12

K. Hence, not only is the ac SPTL cahle diameter incr2ased because three con-
ductors (for three-phase operation) must he used instead of one (as for the dc
coaxial design discussed below), but alsn because the ac SPTL is restricted by
ac Inasses from carrying as much current per unit cross section of supercon-
ductor as can the corresponding dc SPTL.

Requirements for reducing electrical losses in thke ac SPTL complicate the
cable design, especially in the case of a flexihle cable. Flexibility is
achiaved by winding the conductor as a helix; ac current flowing through such
a configuration produces alternating axial magnetic fields, the effects of
which can be limited only by constructing pairs of helices of normal and
superconducting metals, with the members of each pair wound in opposite
senses. Thus the most successful ac SPTL design (3) uses four pairs of
haliz2s to rediime eddy current losses. Even herpg, howevar, tha Toss2s hava

been measured to be considerahly more than the 10 pW/em? goal.

Dielzctric and conductor losses present the most severe challenges to develop-
ers of the ac SPTL. We have dwelled at some length on the nature of these
proh’=2ms to highlight the contrast between the complexity of the ac SPTL and
the relative simolicity expected of the dc SPTL.

SUMMAZY OF COMPARISONS BETWEEMN AC AND DC SPTLS

Wz summarize some general comparisons that can be made between ac and dc
SPTL systems wha2n both are rated at the same large capacity, e.qg., 10 GW, and
hoth 2re using the same superconducting material for the conductor.



Capital Costs

Line costs: would b2 less than half as expensive for the dc SPTL as
for the ac SPTL; th= cryogenic envelope is a major cost of the cahle
and, as seen ahove,ic much smaller for the dc SPTL, hence less ex-
pensive;

Terminal costs: would be as much as five times greater for the dc

SPTL than for the ac SPTL; but current work in converter equipmnent
promises significant cost reductions.

Refrigeration Systems

Povwer requirements: considerably less for dc SPTL (highar operating
temperrature, lower he2at inleak, negligible ac lasses) than for ac
SPTL.

Helium requirements: bhetween 10 and 100 times less needed for dc
SPTL than for ac SPTL.

Use of hydrogen rathrer than helium as coolant: possible now (at 13.8
K) for dc SPTL systems and would be more attractive with development
of Nh3Ge material; not possible now for ac SPTL but might he with
Nh4Ge material.

Power Losses

Line losses: negligible for dc SPTL; ac hysteretic and eddy current
fosses in conductor and ac ¢ -lectric losses for ac SPTL.

Terminal losses: thnse for dc SPTL are three or four times larqer

than for a: SPTL; azain, work on converters could reduce the dispari-
ty, perhaps down to a factor of two.

System Consilderations

Network stability: rnnhverters of dc SPTL enhance stahility and cen-
trol.

Fault protection: converters provide some orotection against power
surges for dc SPTL, where current spikes may reach a maximum of 1.5
to 2 times normal currents; ac systems must he designed Lo accommo-
date current spikes 10 to 15 times normal currents.

Other limitations: the dc SPIL has no constraints such as ::id flow,
short-circuit current level, o need for reactive compensation; ex-
cess capacity can readily and inexpensively be built into the de SPTL.

Reliability: the dc SPTL design is far less complex than that for
the ac SPTL; similarly its construction should he correspondingly
simpler; thus the dc SPTL shauld inherertly have a higher reliability.



Environment: the dc SPTL coaxial design provides for complete can-
cellation of electric and magnetic fields: the ac SPTL can also be
designed to accomplish this; both ac and dc SPTLs are compact and can
be placed underground.

Use: the ac SPTL, not requiring expensive terminations is well
adapted to shorter-distance, high-capacity situations, which are
likely to occur before the need for lonaer-distance missions, where
the dc SPTL would see service.



Section 3
DC SUPERZONDUCTING CABLE COMNFIGURATIONS

COAXIAL DC SPTL DESIGN

The LASL dc SPTL Program has developed the coaxial design (4,5,6) shown in
Fig. 3-1. This cable has the advantages of simplicity plus the self-
containment of complete electrical and cryogenic cooling circuits. For the
electrical circuit, the inner conductor (mf Nb3Sn stahilized in Cu) is wound
over a spiral tape former anc could be of either positive of negative polar-
ity; wrapped tape dielectric separates the inner and outer conduct -s, the
latter being alsn mf Nb3Sn wire but electrically neutral. For the cryogenic
cooling circuit, helium at, typically, 16 atm and 10 K, is passed down the
inside of the spiral former to a remote e«pander, where the fluid arrives at
conditions of approximately 11 atm and 12 K and leaves at 8 atm and 10 K; from
the expander, the fluid returns to the refrigerator passing through the an-
nulus formed by the outside of the armor surrounding the outer conductor and
the inside wall of the cryoa=nic enclosure. The enclosure itself is

VACULM JACKE. I+ -
SUPPORT- - -~
RETURN He
(8 Atm, 12K)

SPIHAL TARL.

GO He r“%>

{I6 Atm IO K)

" | WRAPPED TAPE | L !
SUPERCONDUCTOR 7 DIFLY G TRIC AR |
(MULTIFILAMENTARY .

Nb_,’ Sn IN Cu) ARMOKR

Fiqure 3-1. Coaxial dc SPTL cable design.



composed of two concentric pip2s with the spbace hetween evacuated of gases bhut
containing wrapped l:yers of thermal insulation (thin aluminized sheets of
Mylar).

The construction of a coaxial dc SPTL could procees with the laying in trench-
es of 20- to 30-m lengths of ¥actory-fabricated cryogenic envelope and then
joining these lengths in the field. The flexible cable would also he factory-
fabricated, in iengths up to 290 m, then drawn through the in-place cryoganic
envalope and joined to adjacent lengths. Refrigerator spacing could vary from
5 to 20 km or more, dependinj on the specific transmission situation; remote
expanders would be placed roujhly half-way hetween refrigeration stations.

A schematic for this system is shown in Fig. 3-2.

A considerable advantage of this coaxial cahla design lies in its flexibility
with respect to the voltage, current, and power specifications. Depending on
the system requirements and various cost trarde-offs, power delivery above 3 GYW
could be accommodated by voltages between 25 and 500 kV and hy currents from
10 to 100 &A or more; the basic confiquration shown in Fig. 3-1 could be main-
tainzd, hut the relative and overall diameters would be changed for each dif-
ferent voltage-current requirament. To appreciate the sizes involved, we
coulc construct a 7.5-GW line operating at 300 kV and 25 kA to be enclosed in
a 34-cm diam outer pipe.
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Fiqure 3-2. Schematic layout ,aowing typical sequence
and spacing of elements of - e SPTL refrigeration
system.



An additional advantage of this design arises from the two concentric conduc-
tors carrying the same current but in opposite directicns: all electric and
magnetic fields are cancelled to produce zero net fields outside the cahle,
thus cc pletely eliminating objectionable environmental effects usually
assoc’ “ed with hich capacity power transmission systen.s.

DOUBLE MONOPOLE DC SPTL DESIGM

Two preblems associated with the coaxial design have led us to consider o.her
dc SPTL configurations. The first of these problems is technical in nature
and concerns the properties of dielectric materials under constant dc stress,
as wall as polarity reversal, at low temperatures. This is not a problem in
the sense that we foresee difficulty in satisfying the cryogenic dielectric
needs of the dc SPTL hut rather i{s one requiring time and effort to research
the situation, to understand the limiting features of the dielectric system,
and o select the optimum materials. Work in this area has been started at
LASL; and while initial results are encouraging, there is still much to learn,
so that cahle performance estimates are not hased on long-te'm experience.

The second prohlem relates to power system economics, especiallv when contin-
gency requirements increase the numher of circuits needed for a given trans-
mission cituation. In the case of a recent study (?) of systems to carry 10
GW, a single coaxial dc SPTL cnuld have been designed to transmit the needed
power; contingency requiremerts (first contingency: continue at 10 G4; second
contingency: continue at 7.5 GW for 4 h}, however, dictated the proposal of
thre= cables, each with 7.5-GV capacity. In other words, 27.5 GW of capacity
was needed for a 10-GW power load.

To roduce the impact of these prohlems, we consider a -fouble monopole design.
Here two identical lines (poles) are needed to complete the electrical and
cryogen flow circuits; a schematic of one of these is shown in Fiq. 3-3. The
armor (corrugated Cu tube) surrounds the conductor (again mf Nh.Sn in Cu)

and also forms the inside wall of the cryoqenic envelope. The outer wall of
the envelope could be a smooth tube or could be (as in Fiq. 3-3) corrugated
for tlexibility, with the corrugations filled to present a smooth surface
(conducting layer) for the covering of dielectric material. A siqnificant
advantage here is that the dielectric would be at ambient temperature and
could he constituted identically to that of conventional cables, thereby
climinating any problems that might be associated with cryogenic dielectrics.
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Figure 3-3. Schematic of a possible design for one
pole of a double monopole dc SPTL. Other supercon-
ductor configurations cdan he considered and the outer
tube could be smooth rather than corrugated.

The zurrent carrying capability of each pole could reasonmahbly he as high as
8.5 “A and the voltage stan-doff as high as 600 kV: thus, a bipolar pair could
carry more thaan 10 GW., However, for the 10-GW missinn, tcgether with its con-
tingzncy requircements as mentioned ahove, it would be possible to have three
bipolar systems, with each pole normally carrying 2.5 GW (say, 450 kv at

5.6 «A), for a intal capacity of 15 GW, 7.5 G4 less than the coaxial design
canrzity {uadar second contingenry conditions this system could carry tha full
10 G4). The outside diameter of the cryogenic envelope of each pole of such a
line would be less than 12 cm, and the heat inleak could reasonahly he reduced
to 0.15 W/m. In addition, the cost of the six small monopolar lines might be
reduzed compared to that of three coax lines each roughly three times larger
in dianater. Also, longer lengths of the cahble and envelone construclion,
vhich is far less complex than for the coaxial design, could he accomplishad
in a factc.y rather than in “he field; and machines are already availahle for
encasing the conductor in a corrugated cryoqenic envelope in one continuous

operation.



One disadvantag2 of the douhle monopole iine, as compared with the coaxial
line, is that the electric and magnetic fialds are not cancelled; but this
should produce no more undesirable environmental effects than would be
encountered with a cnnventinnal A50-kV dc cahle systenm.

Other dc system requirements that must be considered are switches and/or cir-
cuit breakers at the converter terminals. These have nnt yet been developed
for such hiqgh power systems but should be more readily attainahle for the con-
siderably lower currents carried in the double mnnopole line vis-a-vis the
coaxial line,



Section 4
PRESENT STATUS OF DC SPTL DEVELOPMENT

INTRIDUCTION

Development programs of dc and ac SPTLs have, of course, several commun ele-
ments,particularly those concerned with refrigeration and thermal insulation.
However, there are numerous areas where different approaches must be taken,
especially with r2gard tc dielectric insulation, cable terminations, conductor
flesizn ind development, and systems analysis. Work in all these areas has
been pursued on dc SPTL systems at LASL and has been carried to a point of
desiagn maturity where th2 individual elements could be assemhled into a model
cahie. In this section we hriefly discuss the present status of development
of each of these areas for the dc SPTL.

REFRIGERATION AND THERMAL INSULATION

A program comhining calculations with experiments has heen carried out te de-
termine cool-down, steardy state, and thermal upset recovery conditions for the
floa of cryogenic helium in a dc SPTL. Calculations of the dynamics of the
thermal and fluid transport for unidirectional flow, as would occur in the
double monopole system, have heen verified in a scaled (1:10) mordel system for
a transmission cable connected to a refrigerator. Fcr bidirectional (counter-
currant) flow, equilibrium calculations have heen made of ths temperatyre pro-
files in the two flow paths as a function of length. These results have been
checked in a full-scale cryogenic flow loop using a 17-m long commercial cryo-
genic enclosure housing a conventional self-contained oil-filled cable (with
He flowing in the central channel ordinarily occupied by 0il) and fitted with
a far-and expander. Cool-down and steady-stzte experiments have been per-
form2d with this cahle, which has thermal properties similar to the coaxial dc
SPTL. Calculations uf tYe dynamic properties of such a system are underway.
We f=el that the general hehavior of the unidirectional and bidirectional sys-
tems is well understood hut that more work is required to clarify some details
of ooeration to ensure reliahility.



In n-der to optimize the refriqgeration of cahles, we must consider trade-offs
whan the refrigerctor and cahle function as an integrated system. This is
especially true in the bidirectional flow. case where the cable acts as the
finai heat exchanger of the refrigerator. Extensive studies have baen made at
LASL to calculate refrigerator performance of several refrigeration cvcles as
a function of such system parameters as: refrigerator spacing, cryogenic en-
closure inside diameter, thermal input to the refrigerant, temperature in-
crease along the cahle, inlet temperature and pressure, compressor suction and
discrarge pressurcs, and pressure drop along the cable. The results can be
user to predict optimum operating conditinns and cable geometry specifications,
vhich must then be stucied for cost effects.

DIELECTRIC INSULATIO:

DC high-voltage breakdown tests have heen pcrformed on thin-sheet samples of
about 15 promising dielectric materials under cnnditions of varying tempera-
ture (12 K, 18 K, 83 K and 293 K) and Hc pressure (0.69 MPa and 1.38 MPa,
j.e., 7 and 14 atm). These tests were used to se.ect three or four of the
most promising materials (cellulose paner, copeco paper, and composites of
cellulose paper and Mylar and of cellulose paper and Pink Poly), which were
then ohtained as 2.5-cm wide tapes and wound onto mandrels simulating cahle
samples. The mandrels hold 12 or more layers of 0.075-, 0.10-, or 0.125-mm
thick ribbons wound to a total thickness of 2.8 mm. Tests of breakdown under
imnulse, steady state, and pnlarity raversal conditions are still in progress,
but initial results of brea%downs in the 90-100 kV ranga (stresses of 32 to
36 kV/mm) are encouraging.

CABLE TERMINATIONS

Crycgenic terminations for de cahles are not commercially availahle but must
be ceveloped. The design of these terminations must take into account, first,
minimization of heal leak and, scuond, minimization of the effrcts of differ-
ent thermal contraction of parts made from different materials. Additional
difficulties arise because thes» constraints may conflict with the require-
ments of high-voltage operation. Finally, the high-voltage bushing must be
comiined with high-current leads tn form the complete termination.

For the dielectric screening tests we have developed 2 nominal 1G0-XV hushing

fabricated primarily from cast cpoxy. This bushing has survived more than 40



thermal cycles hetween liquid nitrogen and rnom temperatures and an additional
50 cycles tz helium temperatures. Tests with high voltage iqdicated that
negative polarity gives the poorest results. At the -100-kV level, occasional
corona activity is ohserved; at -200 kV, corona is centinuous; and after tnc
-223 kV level is held for 10 minutes, the tamperatur~ and prassurc of the
cryostat rise rapidly, indicating corona inception in the helium space between
the center conductor of the bushing and the cryostat wall.

For cable tests we are daveloping a larger, horizont:l cryostat and a 300-kV
epoxy-Mylar bushing. The weather skirts of this bushing are cast epoxy, and
the dielectric between the center conductor and the grounz2 plane is made up of
layers of 0.254-mm Mylar separated by 0.178-mm layers of epoxy. The purpose
of the Mylar in the enoxy is to relieve the 2lectrical stress in the epoxy, a
concept demunstrated in tests of our smaller model epnxy-Mylar bushings. The
dielectric constant k of epoxy is 7, while for Mylar x=3, hesce the electric
stress is concentrated in the Mylar, which has the higher brzakdown strength,
Calculations show that the electric stress on the first layer of epoxy alja-
cent to the high-voltage inner conductor will be 7,87 kV/mm instead of 13.43
kV/mm as would occur if only epnoxy or Mylar were used. The design of this
bushing has several advantaqeous new features:

. The composite corstruction permits a smaller cross section than would

ntherwise he possihle, therehy reducing heat leak into the Dawar and
easing the casting prohlems.

° Tne Mylar wrap prevents radial cracks in the body of the bushing.

° The casting of the ground-potential electric-stress shield from poly-
urecthane foam, instead of machining it frum glass-epoxy laminate
(G-10), will reliave shrinkaq2 and thermal st-=ass in the apnxy iaround!
the stress shield.

° The inner conductor is linnd with palyurethan2 foam to isolate ther-
mally the inner wall of the hushing, thereby reducing the thermal
qradient from the cold inner wall to the room-temperature outer well
of the bushing.

We have marde qeneralized calenlations for the design of vapor-conled high-
current leads. A set of nominal 5-kA leads has heen ennstructed and installed
in the 17-m cryoqeric tlow loop for conductor lests now in progress. These
Teads have heen run at up to 20% over rating, «20ied hy 10 K He gas directly
from the refrigerator (the He is returned to the refrigerator in a cliosed

ltoop). The performance was as predicted hy the calculation:. Hiqgher capacity



leads can be made by bundling the elements of the 5-kA design. Because this
design gives rise to very compact umit; in the radial direction, high-current
elements (e.g., 25 to 50 kA) could be fitted into the core of the high-voltage
hushing to complete the termination.

CONDUCTOR DESIGY AND DEVELOPMENT

Commercial superconducting wire manufacturers have collahorated with us to
produce mf Nh3Sn con‘luctors with properties specifically suited to dc SPTL
service, requiring stable operation (i.e., resistance to flux jumps and rapid
recovery of the superconducting stale following unwanted excursinns to the
normal state) with the highest possible J at 14 K: our gnal of 105A/cm2

of superconductor at 14 K and 0.5 T (5,000 G) has been met. The wire fabrica-
tion begins with packing 37 b tubes filled with bronze (Cu, 13 weight percent
Sn)} rods into a pure Cu billet, which is extruded and drawn to achicve a final
diameter of 1 mm or 0.5 mm. The wire is tnen heat-treated to react the Sn in
the bronze with all of the Nb. The proper conditions for the heat-treat are
critical to prevant Sn from diffusing into the pure Cu and thereby destroying
the good thermal and electrical conductivity of the Cu. Our experiments to
determine the optimum heat treat conditions indicated a temperature of 750°C
for 64 h, The amount of normal metal stabilizer needed has been determined
from a number of experiments involving normal zone propagatin. as a function
of T and J.

Because the wires when reacted are brittle but still must withstand pretty
roudh handling and sharp bending during the cable manufacturing process, bend
and tension tests were performed to determine the amnunt of mechanical strain
the wires could tolerate beforc Jc degrades. The results indicate that Jc
actually first increases under up to 0.7% strain before degrading and that the
wire can be safely handled in the cabling machinery.

Tre Jc of a sinqgle wire also degrades when it is bundled with othar current-
carrying wires becduse of the magnetic field created by the nther wires. For
example, calculations and experiments show that the critical current carried
by a bundle of saven wires is only about 70% that of the sum of seven isolated
wires. In addition, studies of the relative stabilizing effectiveness of Cu
whon co-drawn with the supercenductor as compared with merely being laid next
to the superconductor in a tight cable indicated that the latter condition was



entirely satisfactory. This would allow a smaller amount of C to be used in
the original billet ard, thus, a suhstantial reduction in the cost of producing
the conductor. By understanding the geometrical effec*s of Jc degradation

and of stabilizatinn by Cu, we can arrive at the most effective yet least ex-
persive confiquration for the conductor. For general dc SPTL purposes this
could be a 19-strand cable, with the inner 7 strands pure Cu and the outer 12
wires with perhaps a Cu:superconductor ratio of 5:1. Wires oFf this sort are
being studied in the cryogenic flow loop test facility.

SYSTEM STUDIES

It is one matter to design workable elements of a dc SPTL anz another to com-
bine them into a system which will operate successfully in t-e power grid. To
ensure this success ve must first perform the most complete and careful sys-
tems studies possible. These involve investigations of electrical character-
istics: fault currents, over voltages, terminal (converter) configurations,
power start-up; system refrigeration: cooldown, shut down for maintenance or
replacement, reaction to and recovery from thermal upsets; cost analysis:
materials, labor, capitalized power losses, estimates for rew fabrication
techniques and for new technologies. We have gained considerable experienre
in taese areas and have been engaged in a number of studies which require con-
tinual updating and revision. Nevertheless, the conclusinns to date indicate
that no technical barriers exist to prevent th2 use of the dc SPTL and that
ways are continually being found to enhance the efficiency and cost-
effectiveness of the dc SPTL system.



Section 5
CONCLUSIONS

As stated at the outset, superconducting transmission systems will iind use
only in situations demanding high capacity circuits, where SPTLs should have
distinct advantages over conventional systems. However, it is clear that
these attributes are not sufficient by themselves to motivate electric utility
planiers to consider high capacity lines; SPTLs cannot ke the driving force
for such a trend, hut their characteristics should be sufficiently well «nown
or predictable so that when such a trend develops, as we believe it will, they
could be put into service to enhance the effectiveness of high capacity sys-
tems. Under expzcted conditions both ac and dc SPTLs should he useful for
providing efficient ard cost effective power transmission in their respective
areas of advantage--ac for the shorter routes and dc for the lunger routes.
Even if requirements for these do not develop for several decades, it is not
too soon to hone the technology, hoth because many years of working experience
will be demanded of this technology to prove reliahility and because new ideas
for improving SPTLs have been emerginj at a healthy pace. The technclogy is
young and promising and should be allowed a chance to grow; if aiven that
chance, inr all probability it will produce some pleasant surprises.

At present, the hopes ex«pressed here hang entirely on one US program, the ac
SPTL Program at 2BNL. We at LASL cannot deny our chaarin at haing steapad from
developing the dc SPTL or our strong feelings that the dc SPTL, heing far less
romplex than the ac SPTL, has the better opportunity to demonstrate the reli-
able use of superconductivity in power transmission systems; revertheless, we
wholzhearterdly support the efforts of the BNL Program. With only one con-
ten-zr remaining in this kind of race, all bets must be placed on that con-
tendar to finish successfully. If it fails to do that, interest in reviving
and rerunning the race may be a very long time away, if ever. Such au outcome
would, of course, be disastrous for superconductivity technology, but also, we
feel, a disservice to the electric power industry.



Meanwhile, we feel it is important to continu2 research on areas that could
improve the performance and the ccst-coumpetitiveress of the dc SPTL 3s well as
the ac SPTL. In particular, the aspects of higher temperature operation,
using H, rather than He as a coolant, are intriguing and promising. This
require; the further development of Nb3Ge, or other high-Tc conductors, as
well as of dielectric materialc with appropriate characteristics (the latter
is, of course, not necessary for the double monopole d4c SPTL). It should be
possible to operate a SPTL effcctively with "slush® hydrogen (a mixture of
solid and liquid at the freezing point near 13.8 K) using the latent heat of
rusior to ahscorb any heat production or inleak and tha2reby maintain isothermal
conditions in the line. More efficient, more reliable refrigeratioin methods
weuld also be a koon to all suoerconducting technologies, including transmis-
sion lines. bBoth the Electric Pawer Research Institute and the US DGE have
recognized these needs for advancerd developments, ind we a:re naturally pleased
that they have encouraged us to pursue some of these topics at LASL.



W
.

Section 6
REFERENCES

v, P, Maley, L. R. Newkirk, J. D. Thompson, and F. A. Vaieincia, “Develop-
~ent o Nh3Ge for Power Transmission Applications," EPRI EL-965, Project
7355-1, Final Report, Jan. 1979,

“Cvaluation of the Economical and Technical Viahility of Various Under-
2round Transmission Systems for Long Feeds to Urban Lnad Areas," U.%.
“opartment of Enerqy, HCP/T-2055/1, Dec. 19377,

». Garber, "A 10-m Nb3Sn fa“le for 60 Hz Power Transmission," ITEEE
Transactions nn Magnetics, Vol. MAG-15, hi. 1, Jan. 1979, pp. 155-158.

J. W. Dean and H. L. Laquer, "Conceptual Design of a DC Superconducting
“ower Transmission Line," Proc. 1976 Underground Transmission and
Distribution Conf., IEEE Publ. No. 76-CH i119-7-PWR, 197G, pp. #17-424.

4. L. Laquer, J. W. Dean, ard P, Chnwdhuri, "Electrical, Cryogenic and
Systems Design of a DC Sunerconducting Power Transmission Line," 1EEE
Transdactions on Magunetics, Vol. MAG-13, No. 1, Jan. 1977, pp. 137-187.

P. Chowdhuri and F. J. Edeskuty, "Bulk Power Transmission by Superconduct-
ing DC Cable," Electric Power Systems Rescarch, Vol. 1, 1977/78, pp. 41-19.




